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SBfOPSiS 


Phe role of fibre-matrix interface in rein- 

forced plastics (GPKP) has been outlined; the previous experi- 
mental works employing pull-out technique have been surveyed 
and various models for determination of interfacial shear stress 
including that of Lawrence have been presented. The present inve- 
sxigation aims at experimental determination of the inter Cicial 
shear stress in a, &PEP system embedding 30 end E-glass roving in 
polyester resin under different curing schedules. The tes'c conli- 
guration used for tins is a modification of the previous models 
having distinct ahvajitages of being a rea,llstic one and eliiuna- 
ting any shear stress concentration that are invariably presexibed 
but are not taiien into consideration in tbe previous models. The 
schedule of operations for the specimen preparations been 

suitably elaborated. Besides studying debonding and pull-out under 
tensile loading experiments have also been carried out under cycli 
loading Within the experimental range. The debonding/pull-out life 
increased with decreasing stress amplitude. The shear stress range 
for fatigue debonding has been found to be much less than that by 
tension-compression fatigue debonding by previous investigators. 
Also a mathematical expression has been developed for detenninatio 
of the actual shear surface area for the multiple fibres from the 
pro 3 ected rect-angular area of the pull-out surface. 
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SBlBOIS iiFD ^BBREYIA IIOIIS 

Unless o'CiieOTise mentioned, following is the list of 
and abbreviations; 

lirea of fibre 

iirea of matrix 

Diameter of fibre 

Length of embedded fibre 

Grit 1C a 1 length of fibre 

Coefficient of friction 

Radial pressure acting on a glass fibre 

Stress in fibre 

Stress in matrix 

Ihi clone ss 

Average shear stress over the embedded length of 
fibre 

Bx'^ict 1 dial shear stress 
Maximum shear stress 
Shear modulus of matrix 
Constant 

Virtual fibre strain 
Virtual matrix strain 
Work of fracture 
Mod. of elasticity of fiber 
Mod. of elasticity of matrix 
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r Mean distance of separation of fibres normal to 

0 

their lengths* I'or the one fibre model system it is 
taken as the radius or half the width of the matrix. 

u Virtual displacement of a point in the direction 

of the fibre at a distance x, from embedded end, if 
the ela,stic properties of fibre and matrix were 
Identical. 

V Displacement of the matrix in the same point, if the 

fibre Was replaced by matrix. 

Maximum load on fibre required to achieve complere 
debonding and pull-out 

OQ 

Load required to debond an infinitely long fibre. 



CENTER 1 

IHJRQDUG'JI OL LI SER a'JERL SURVEY 

•*s. 

1 . 1 S2^iXi.Saacg^A>i In terface in G-Iass-fibre 
Reinforced Gogrposites 

the glass-fibre reinforced plastics composites consti- 
tute the group of meterials with very higli strengtli-to-v; eight 
ratio over a wide temperature range. These materials find great 
use, among others^ in Aerospace applications, pressure vessels 
etc. V7hen glass-fibres are embedded in a resin matrix, the high 
flaw sensitivity of the fibres is reduced and it is possible to 
utilise their high strengths for many structural purposes v/hich 
IS not otherv\;ise possible, Ihe load transfer between the matrix 
and the fibres tahes place through interface; in case of Cailure 
of the weaher fibres, the load is redistributed throu^i the matru 
to other fibres without failure of the composite material on such. 

The fibre-matrix interface in fibre-reinforced composite 
has a tremendous influence on the mechanical properties of the 
composite. To obfcair optimum utilisation of the fibre-strengbh, 
the aspect ratio of the fibres (i.e. l/d) needs to be hi^er than 
the ratio of the tensile strength to the fibre-matrix interfacial 
strength (1), However, with strong fibres and strong interfacial 
bonding, it is not necessary to impose this restriction; on the 
other hand, an early failure of the interface, i.e, debonding 
gives high fracture toughness in fibre-reinforced composites 
(2, 3, 4}, The role of interfacial bonding on the efficiency of 



rcinforccncnt h s been analysed tbcoretically by Krencbel (5) 
for linear, ploji^r and rendon types ^f rcinforc orient* 

xigarwa.l (6,7) lias considerec' different values of the 
interface properties (Young's nodulus, poisson's ratio etc,) end 
then sliovved using Yon iliscs crixcrinn tb.'^t the strength, and dras- 
tic nodulus can be changed in: cpendently with interface propertie 
iilso, since a^ high nodulus for interface nesns a. high degree of 
stress transfer, the effective strength and ela.stic nodulus of 
composite increa-se, thus giving a low value of ultimate elonga- 
tion, thereby giving a low impact , He has shown thaf an optnnsa,- 
tion of toughness, elastic nodulus and strength can be made by 
controlling the interface properties*. 

1,2 Previous \7or k 

The gl-iss-resin joint strength specimens used thus Car 
can be categorised (8) as i) fla.t-plate specimens a.nd ii) rod or 
fiber-bond strength specimens, of which the latter type appea.rs 
to have advantages in that geonetrically they a.re more smilai: 
to actual glass resin conposites, residual stresses produced in 
speciuens due to resin curing are sinilax to those in actual 
composites and the initiation of failure in then is more realis- 
tic (8), 

While considerable work has been carried out to deterrune 
the bond strength of G-,P,R,P, by various nethods, the importance 
of the fibre pull-out ^hich is directly influenced by the 
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developuent of fibre -matrix interfacia,! bond strength) has not 
been sufficiently emphasised, Yery little theoretic?! and experi- 
mental wort have been done to detemine the gla.ss-resin inter- 
facial shear strength by fibre pull-out method. Cottrell (9) g?ve 
a theoretical model to analyse the fibre pull-out fro'i ?, ductile 
matrix in which a shear stress is developed along the axis of 
the fibres by plastic deformation of the matrix material. However, 
Kb has not taken into account the interaction betwreen fibres. 
Cooper (iO) studied pull-out of fibres from matrix under bending 
as well as tension tests of notched fibrous composites. G-lass-^rod 
specimens have been used for measurement of interfacial shear by 
pushing or pulling the hod (which is from 1 to ' nm in diameter) 
through a resin disc Cast around a small part of the rod (11)» 
Plgure ^ (12) gives a t3rpica.l curve for such a test. The bond 
strehgth was determined by dividing the peak bond loa,d by the 
bond surface area* However, apart from the peak debonding load, 
figure 1 also shov/s the presence of considerable frictional 
force, after debonding, that comes as a result of the resin shri- 
nkage.' deYekey o,nd llazumdar (13) employed the pull-out method for 
determining the interfacial shear strength for various combina- 
tiona of fibres and matrices where they had embedded E-glass lods 
0.5 to t'.O mm in diameter, perpendicularly m a matrix contemned 
in a special mould and stressed the rod in tension. [Hhe value of 
the maximum bond load corresponded to a sharp peak in the load- 


extension curve. 
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1 . 3 Scope of the Present Y/ork 

The present work investigates the gross interfacial shesx 
strength of a composite system involving a "bundle of B-glass 
fibres in polyster resin. Apart from carrying out the debonding/ 
pull-out tests in tension, the same has been carried out under 
cyclic loading* The 30 end E-glass roving ?;hich was used a,s the 
bundle of fibres, constituted 'densely packed fibres* in the 
resin. The puipose of this was to simulate the actual condixions 
in a composite, where multiple strands or bundles are used as 
reinforcement, as, for example, in a filament wound composite. 
Also, while testing the strength of the fibre bundles uniupreg^ 
nated by resin, the fibres appeared to undergo 'supercreep*, 
after crossing the ultimate load, at a low but consistent load 
of 0,.5 Eg with about 100 percent total elongation of the origi- 
nal length during the creep* 

1 .4 previous Models and Theoretical Analyses for 
Eetermination of Interfacial Shear Strength 

Various theories have been proposed for the longitudinal 
stress distribution in the fibre and also the interfacial shear 
developed in a discontinuous fibre reinforced composite. Of 
these, the model suggested by Dow (14) has some good relevance 
to pull-out mechanism. Also, outwater's concept (15) of the fri- 
ctional component of the radial force on the glass fibre by the 
surrounding *thin* resin tube caused by resin shrinkage on curin/ 
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physically explains how stress transfer could still tehe olacc 
through the interface even after debonding has taken plice. 


In his iiodel, Ibw (14) assuned that perfect bonding 
exists between fibre and resin and that strai^t lines before 
deformation are straight after deformation. Considering an 
element of fibre and of the matrix at the interface, the cq.!!- 
libriun equations become, for a load being applied to the 
matrix as shown in figure 2; 


fibre element ; 


r. 


i_ 

2 % 



( 1 ) 


Mat rix : 





2n 



( 2 ) 


A Similar analysis given by Cox (16) for a three dimensional 
model shows the variation of shear stress along the length of 
a fibre in figure 3, where 1^ = critical length of fibre. He 
had assumed a perfect fibre-matrix bonding and equal lateral 
contraction of fibre and matrix (i.e, no load transfer through 
the end of the fibre). 

Cutwater considered a lov; bond strength between fibre 
and matrix, which is usually the case with fibre-rcinforcecl 
plastics. He assumed that 1) The fibres carry the entire lon-d, 
2) the matrix film surrounding the fibres is of negligible 
thickness* 


Upon considering these films to be very thin, he consi- 
dered that when they shrink on to the fibre, they become higjily 
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stress ,d 5 tlic upper luiit of the stress being the yield stress 


of the iie.crix 6 ^* 2he ndiil pressure, p, e,cting on the fibr 
Was calculated as, fron Eigure 4, 

p s - 


€ t 

-.-I..... 


2r. 


(3) 


The frictional coriponent of this radial pressure will 
be resisting any relative novonent between the natrix ?nd the 
fibre. If we consider virtual displacenents, then, fro i figure 5j 



dx % r' 


2tc r^ dx 


(4) 


v\7here ^p fs the frictiona.1 shear stress. Integrating, 


1 e 


X t X 


+ c 


( 5 ) 


The constant of integration, c, can be shown t' be zero by 
considering adliesion at the end of the fibre to be zero, for 
a discontinuous fibre. Thus, 


= 


tX 


( 6 ) 


In his theorecical node! for a ductile natrix with a. bundle 
of parallel elastic fibres, strained longitudinally, Co ctrell (9' 
considered a tangential stress exerted on a fibre by the yiel- 
ding natrix and found out the stress 6 (x) in the fibre an e 
distance x fron one end of then, for a fibre radius r^, 
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d'Cx) p 2 Tx/ 


(7) 


rie found the critical length to be es follows? 


1 


c 




where = frox'cure stress of the fibre, for 1 < l^s the fibres^ 
inst^ead of breaking will be pulled out of their holes. -issui.u.ng 
the tangential sliear stress to be cont inuouslj'' exerted during 
the pull-out the V'ork of fracture of order 


or , 


2 

2y= Ci^T/3r^) (1/2) 


2.y= 


h r 

12r^ 


le expected. 


( 8 ) 


In the nodel described in figure 1, the established 
relationship for interfacial shear stress is as follows; 


T = 


P 

nax 
2% r^l 


Onax ^f 
21 


for a single rod, assuning a unifornally distributed sheer 
stress along fche interface. It appears fron this that the oiibe- 
dded rod length will be influenced by the rod strength sc that 
the naximun enbedded length which can be used is given by 


Quit ^f 
2 


<5' IH- 
ult 


= ultmate strength of fibre 


If the embedded length is greater than that predicted by this 
equation* then the rod will fail in tension before pull-out occur; 
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In tiieir work, deYekey and Maznndar (13) er^loyed tiie 
plastic-natrix theoryj which assumes a uniforr' shear strength 
along the length of the embedded fibre, which, to a close appro- 
ximation, may be considered for fibre pull-out from an elastic 
matrix with short fibres-*. 

The main difference between the elastic matrix ,and plas- 
tic matrix is that in the former case the shear stress is no 
longer uniform and also that the variation of load transfer 
betwreen fibre a,nd matrix along the length of the fibre is not 
uniform. In his ecjuation for the shear-stress along fibre- 
matrix interface j Gresczulc has (17) considered fibre pull-out 
assuming an effective interface width, 

Lawrence (18 ) has dealt with the case of fibre pull-out 
in elastic maxrix* Y/hether debonding and pull-out will occur 
v;ill depend on the maximum shear stress developed relative to 
the shear strength of the fibre--matrix interface. He has also 
determined the variation in load necessary to consider fibre 
pull-out and in the maximum shear stress developed for various 
length of embedded fibres. 

The geometry of fibre pull-out test for a single fibre, 
employed by Lawrence is shown in Eigure 6. Y;/ith an axial load 
applied to fibre, 

dP = c T (x) dx (9) 

where dP = change in load P at x, along the fibre and T(x) is 
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the shear stress fanction in terms of x and c is the circiim- 
ference of the fibre in contact with the matrix. 


r= K (u-v) 

where K is a constant i.e. (u-v) is the slip* 


dP - c K (u-v) dx 

S = H (U-T) 


where H = c K , 

Gox gave the value of H as 

JJ := ^ 

In (r^rj) 

Differentiating ( 12 ) 


^ = H > §21) = H (e - 
^ ^dx dx f 




( 10 ) 


(11) 

(12) 


(14) 


where e„, e are tho virtual fibre and matrix strains 
f * m 

respectively at point x. 


ox, 


d^P _ 
- 

dx 




■) 


(15) 


HP 

R 


where 1/R = -" e- 

Af 


1 


Putting H/R = a 

we can get a solution for eq.uation il6) as 

p - p SinhVa x 

^ Sinh fa 1/2 


(16) 


( 17 ) 
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It can be seen that for short embedded fibre i.e. small 1/2, 
the build up of the load along the fibre length is approximstel;'- 
linear, which is not, however, the case for a long embedded 
fibre. 


The distribution of shear stress along the fibre length (13~) 

Now, T = K (u-v) or, ~ 

K Pj? Oosh fa X 

or r = _£ (18) 

R fa Sinh f a 1/2 

The maximum shear stress occurs when Cosh -/a x is a maximioii, 
i.e. at X = 1/2 i.e, the point where the fibre enters the 
matrix* 

Hence, 

K P„ Goth fa 1/2 

7- = £ (19) 

R fa 

Load to pull-out and the determination of the shear strc-nrth (l 


a) Variation of the embedded fibre load to 
pull-out with embedded fibre length (18) 


T 

max 



Ooth fa 1/2 


Now, this being the maximimi shear stress along the embedded 

fibre length, for a certain P~ such that T equals the shear 

1 max 

strength of the interface then the fibre will debond from the 
matrix at the point where the fibre enters the matrix# 
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After delDonding occurs, whether the fibre continues 
to debond at a constant of whether an increase in load is 
still necessary, depends upon a number of factors. 

let the length of debonded zone be (1/2 - x) under the 
load P^. Then, at the bonded/debonded interface the load in 
the fibre is given by ~ ^ (1/2 -x) and it is assu- 

med that IS constant over the debonded region. 

The shear stress at the corresponding point will be 
E P * 

7* _ £ OothYa X (20) 

Bfa 

Now, if, as more and more debonding occurs i.e. as x decreases 

this expression is always equal to T , then debonding will 

s 

continue, if decrease in P^ be compensated by the increase 
in the term Ooth Yaxas x decreases. 

Then = ^f " *^i ° ~ 

_ j tanhYa x (21) 

s K 

dP 

Differentiating this and putting ^ ^ for maximum load, wo 

get 

X = X = V Gosh'Vr /r, (22) 

max Ya ^ s ^ i 

Debonding will continue at this point without any f-urther 
increase in P^ with catastrophic bond failure. Clearly the 
stage at which debonding becomes catastrophic is dependent 



on 


the ratio T / 

o X 


For T^/t^ > Gosh^ fa 1/2, for = 1/2, the dehonding 

process is catastrophic immediately after it commences. 

For /T. < Gosh^ fa 1/2 , a further increase in will 

S 1. 

be necessary for debonding to continue. 

The mexiror load on the fibre for complete debonding 
and pull-out is given by 


r Rfa 
s ^ 


'fmax 


K 


tanh fa 1/2 for 1/2 < x. 


'max 


^ ~ ^max^ 


for 1/2 > X, 


■■mnV 




It IS assumed that less than the breaking 

load of the fibre, and pull-out and not fibre fracture occurs. 
Once debonding has completed and pull-out has commenced the 
load will fall to a value c 1/ 2 and continue to fall as 
the fibre is withdrawn, 

Gresczttk (17) considers only the immediate catastrophic 
failure of the intcrfacial bond and assumes that all the fibre 
load IS transferred to the matrix by shear faces with no 
frictional force present. This requires that = 0, so that 

from equation (23), the maximum load to pull-out being given 


by the expressions 
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■fo max 


- tanli 'fa 1/2 


This IS identical with = 0, a particular case of the 
more general equation for when 1/ 2 ^max cata- 

strophic failure always occurs. 


b) The variation of maximum, shear stress with embedded fibre 
length and determination of the shear strength from a pull- 
out test (18) 




Also , 




Where j = K P /RYa 
max r * 


If the fibre has debonded to an effective bonded length 


172 


then 


T 


max 


Uk 

R fa. 


CothYa l'/2 


(24) 


for very short fibres or for long fibres after substantial 
debonding has shortened the effective embedded length, the 
shear stress at the point where the fibre * enters’ the matrix 
can be very large compared to that in case of infinite fibre 
length for low friction condition, 

OO - 

Tg = fa/c ; ~ \ K '^anhYa 1/2 


( 25 ) 
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Greseztik (17) examined the trend of at short embedded 

f~max 

fibre lengths and extrapolated to zero embedded fibre length. 
Again, the equation (25) is 

T^tanural/S 

how as 1/2 tends to 0 then tax^h^[a, 1/2 tends to Va 1/2, 

Thus Tg tends to 1/2 i.e. Jg tends to T'av ^ 

Where T is the shear stress obtained by dividing hhc 

av" _ JO 

load by the total interfacial area, 

1 . 5 Present Approach - Proposed Model 

The model, as shown in Pigure 7 employs a glass roving 

embedded through and throu^ in a resin matrix* The length of 

embeddment being short, approximation for short fibres vis, 

W — T has been used for determination of the average shea,r 
s av 

strength. 

The other distinct advantages over the existing models 

are:- 

i) It IS a realistic one^ in the sense that in most 

of the applications like pressure vessel, filaieent 
wound rocket motors, multiple strand-compc sites' 
are used. 

11 ) The stress concentration that will arise because 
of discontinuity at the end of the fibre in Lawrence and 
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Greecziiifc: models has been eliminated bv embedding the roving 
completely in the matrix* In the latter models, the maxiDOi'’ 
shear stress v>/ill be developed at the point ?/here the fibres 
enter the matrix Vi/hen the maximum shear stress exceeds the 
interfacial shear stress, debonding will initiate and then it 
will propagate along the length of the fibre. If, in actual 
case, because of stress concentration near the end of the 
fibre, a shear stress of magnitude higher than T is developed 

o 

earlier, debonding may initiate there. Recently Rao, Patid ■'nd 
Raju (19) have given a finite element solution for stress 
concentration around the disccntinuous fibre end. 

In the proposed model, by eliminating the stress con- 
centration and also maintaining the boundary conditions, vaa. 

^ ^ at the fiber entering point and P„ = 0 at the 
f f-max ^ 1 

embedded end, has been made quite simple and easily and more 
appropriately applicable to pull-out systems employing even 
longer embedded fibres. 
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EXPERIMMM PROCEDURE j^D OBSERVATIONS 

2* 1 Experimental Procedure 

In the present investigation, E~glass fiber roving 
has been embedded in polyester resin as the pull-out specimen. 
The specimen designed for pull-out test is shown in Eigure 7» 
The advantages of this system are: 

a) easy to fabricate, 

b) ho stress concentration is introduced as may 
be introduced by the fabrication method in a 
discontinuous fibre composite system. 

c) ho stress concentration because of geometriCo,! 
discontinuity at the end of the glass fibres, 

d) The load at the fibre end being zero, lawroncu’ 
analysis can be employed. 

However, the assumptions are that: 

i) hormal stresses at the outer fibre-matrix interface 
are insignificant and debonding and pull-out is only 
influenced by shear stresses developed along the 
interface. 

11 ) Compressive forces that may be introduced by the 
grip are neglected. 
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30-end E-glass roving of the following specifications 
has been used as the reinforcement material by using a single 
strand. 

Diameter of individual fibre : 0.00035 inch (average) 

No, of fibres per roving i 2O4 

No, of rovings i 30 

Coupling agent : Silane 

The polyester resin, of M/s, Hylam ltd., Hyderabad, India 
Was used in as supplied condition, without any dilution, as 
the matrix material. 1.25 percent each of MEK peroxide and 
Oobalt Napthanate v\/as used as catalyst and accelerator re,:— 
pectively. The parting agent was supplied by GIB A. 

Cylindrical split mold (Plate 1) of internal diameter 
3/8*’ were made by axially cutting a brass tube of 3/8” i,d. 
and then internally grinding. The length of the cylindrical 
molds were 1,25 inch, 

2.1.1 Preparation of the Specimens 

Following was the schedule of operations for maloing 
the specimens: 

2 . 1 . 1 . 1 Fixing of roving in the mold cavity 

1, Clean the molds | clean the molding table pla,tform 
(Plate 2). 

2. Apply mold release agent to the mold cavity and 
parting lines, the portion of the table surrounding 
the hole and also the hole itself. 
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3. illow tlie mold release agent to dryi repeat 
operation 2 two times upon drying after each, 
application. 

4. Close one pair of the matching parting lines 
with plastison clay so that the mold can he 
opened about the other parting line to encircle 
the fibres v/ithout touching them. 

5. Cut a desired length of roving and fix ix or 
one side with the stand (Plate 3) through the 
hole in it, fhe bottom end of the fibre is pisse 
throu^ the hole of the table platform and iixed 
with the lower side of the platform so as to 
keep in sli^t tension. Precaution should be 
taken that the fibre strands in the specimen 
portion do not touch any abrasing surface. Also, 
there should be no twist upon the fibre. 

6. Encircle the roving by the mold as mentioned 
in step (4) , 

7. Place the mold on the table and any possible 
leakage is prevented by sealing 

8. Seel the remaining pair of parting lines and 
then adjust for centering by viewing througii 
the hole in the stand and the hole in the tabic 
platform, 

Plate (5) gives an assembly of the mold ready for 


casting 
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2. 1.1. 2 Preparation of Resin 

The parent resin was preserved in a Refrigerator so 
as to prevent any deterioration v/ith tine. The following 
Was the composition of resin mixture to embed the roving. 

Catalyst : MEK peroxide ; 1,25*4 

Accelerator : Cobalt Rapthanate i 1,25/. 

No diluting agent was added to the resin. 

The sequence for preparation of resin mixture is as 
follows: 

1) Add accelerator to the parent resin in a plor''''ic 
container with spout; stir carefully ?/ith the 
specially male stirrer (Plate 6) ao as to avoid 
vortex formation and thus minimising entrapping 
of air, 

2) Add the hardener and mx carefully as above, 

5) Keep the resin mixture in an evacuated chamber 

(Plate 7) for a period not exceeding five minutes 
whereby any bubble entrapped is easily driven 
out, 

4) Take the mixture out of the evacuated chamber 
and pour slowly and carefully into the mold 
cavity. Since the hole on the table platform is 
also sealed after fixing the fiber, the resin 
cannot leak. The pouring was done essentiad-ly 
under atmospheric pressure. 
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2. 1.1. 5 After- Pouring Operation 

1) The assemhly is allowed to rest undisturbod 
for predetermined periods of time during which 
curing takes place. 

2) iifter curing, release the top end of the rowing 
from the stand. Take the mold off the table fnd 
strip . 

The above operations of casting are then carried ouu 
for casting the ox her end of the roving. 

The bond strength determination was carried out ''if', the 
portion cast first, because it is only in this portion the 
roving is exposed to atmosphere for a very ^ort period, not 
exceeding a few minutes, before casting. 

It needs to be mentioned that the bulk of the roving 
should be kept in a dehydrated chamber to avoid attack of 
fibres by moisture (Plate 9). 

The end to be tested for debonding is cut to various 
small size, the thickness of the disc varying from 3 to 5 mm 
and the end finely ground | while this end serves the purpose 
of the debonding specimen xhe other end of the casting essen- 
tially serves as a, grip, Howevej , the thickness of the latter 
IS always kept considerably hi^er than the test end for obvious 


reasons. 
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While sorie specimens were tested v/ithout iinpregne.tion 
of the fibres in between twc cest ends, in most of the 
specimens, the fibres were impregnated with resin for reasons 
explained below. 

Plate (8) shows a specimen ready for pull-out test \'ith 
impregnation. 

In a case where it was necessary to cure the resin at 
temperatures higher than room temperature, the operation of 
casting Vt/as carried out inside an oven of internal dinensi^ no 
2 ft X 2 ft X 3 ft. 

2.1.2 Testing of the Specimen 

The specimens v^ere tested in an Instron machine 
(5 tons) in the load range of 0-100 Eg - high sensitivity. 

The two ends v\?ere held in the grips (0,281-0.500" cylindricaJ. 
Instron grips) and loaded slowly in tension at different rates 
of cross head movement. The matrix was loaded normally tin^oagb 
the grips and through the interface the load was transferred 
to the fibers* The criterion for pull-out was selected such 
that no resin would appear sticking to the debonded and pulled 
out surface of the roving when seen by unaided eye. 

Apart from loading in tension tests were also earned 
out to study the debonding and pull-out under low-cycle fa.Ligu 
loading using fluctuating tension. 
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2.2 OTPservations 

2.2.1 Pull-out tests without impregnation of th8_ fibres 

i) No pull-out Was observed; 
li) Bulging of the fibres took place; 

111 ) There was a sui^risingly significant amount of 

extension of the fibers prior to physical separa- 
tion at a constant load, very near to zero. 

The load-displacenent curve for fibers without inprog- 
nation is shown in Pigure 8. As the load started rising, a,t 
a load much less than the ultimate load, viz. about 10 Kg. 
significantly visible bulging of the fibers v\/as observed 
that was initiated by formation of very fiJae and small flakes 
on the fibers perpendicular to the loading axis. As the load 
Was increasing, the formation of flakes was enhanced resulting 
in increased bulging. Maximum bulging v/as observed in the 
central region. After crossing the ultimate load, the fibres 
did not physically separate, the load gradually but steeply 
falling down ?^ith extension of fibers occurring. When the 
load came to a value of 0,5 Kg (it was a distinct value and 
not because of any calibration error, which was checked), fche 
fibers started elongating at this load for a long time with- 
out physical separation. After considerable elongation, the 
load started falling to zero very slowly and then physiccl 
separation was obtained as load fell to zero. The Plate ^ 
gives a picture of the bulged out fibres. 



25 


2*2.2 Pull-out tests with inpregnation 

Because of non-oBservaJice of detonding/pull-out b/ 
loading the fibers without any impregnation, the fibres ' ore 
then given impregnation in order to eliminate the above phe- 
nomenon and thus also increase the load carrying capacity 
of the fibres, so as to develop the debonding shear stress. 

Reproducible results of debonding and pull-out were 
obtained with impregnated fibre specimens. However, in some 
cases resin matrix fractured which was possibly due to rhe 
fact that some where in the resin very close to the inter- 
face a crack was initiated which then propagated, causing 
resin fracture. Also, in a few cases, where the embcdiod length 
of the fibers was large, then > bef'^re debonding shear stresses 
were developed along the interface, the ultimate strength 
of the impregnated roving was reached, as we see from Biguro 1, 
and roving tensile failure occurred without debonding nnd 
pull-out taking place* 

A set of experiments were carried out b3'' using collets, 
so as to avoid compressive stresses that nay be introducoci 
in the disc by grips and at the same time reducing the disc 
diameter by 20*/ , In all the cases fracture of resin w?as 
observed, even by considerably reducing the thickness of the 
disc. The explanation for this could be found in the followings 
i) Before the debonding shear stress was developed a,t 
the interface, some crack initiated in the resin close to the 
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interfacial resin, as mentioned before, and propagation of 
tills crack fractured the resin, 

ii) In case of holding the disc by grip, there was a 
definite amount of compressive stress that mi^t have arrested 
the crack, and thereby facilitating the debonding phenomenon. 
However, it is suggested that a more rigorous study should 
be carried out to evaluate the effect of compressive stress. 

The typical load-displacement curve for cases of 
neat debonding and pull-out is presented in figure 9. ^^-t lovv 
load values, a grip effect is observed causing initial diver- 
sion from linearity. However, at higher load, the load-dis- 
placement curve was linear. There was a distinct value of 
load at which the load displacement curve again diverted from 
linearity, which can be termed as debonding commenced. The 
peak bond load w’as achieved sliortly after that beyond wiucli 
point the load started decreasing again, while pull-out v/as 
continuing. And shortly after that the load instantaneously 
fell to zero as the fibres were being withdrawn from the matrix 

AS mentioned earlier, the criterion selected for ’noat 
debonding and pull-out' is that no resin visibly will be 
sticking to the fibres - m this case, the outer fibres - 
when seen by unaided eye. The section from a macropoint of 
view appeared to be rectangular (Plate 10), since the diameter 
of fibres is very small, A simplified model for array of 
fibres and shear perimeter are shown in figures 10 and 11. 
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2*2*3 Derivation of the actual shear surface :froin 
the noasured (rectangular) surface 

i'fc IS easy to neasure the rectangular perimeter 
of the surfaces, the area calculated from this v;ill le much 
less than the actual area, consequently introducing an error 
in the value of shear stress. The following mathematical ana- 
lysis, the actua,! shear perimeter can be observed from the 
observed shear perimeter. 

Referring to Figure 11, 

let d = dia of individual fiber 

m = no, of fibres along one side 
n = no, of fibres along the other side 
a = average distance between two fibres, filled 
by resin, 

p = measured shear perimeter 

Sm 

p = actual shear perimeter 
®a 

then for unit depth, 

p = 2 (m + n) d %/2 + 2 (m + n) a 
®a 

considering both the surfaces, 

p = 2 (m + n) d + 2 (m + n) a 
m 

The relation between p and p can be obtained as 

a m 


follows: 
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(n + n) <171: + 2a (n + n) 

2 Cn + n) d + 2 (m + ii)a. 

dTi: + 2a 
2d + 2a 


Now, fron nicro structural study, a is found to "be 

approximately equal to j 1. 

P. 


Hence, — ^ 


ra 


d (tc + 2/3 ) 
d (2 + 2/3) 


n + 2/3 
2 + 2/3 


3ti; + 2 
8 


1.43 


The average interfacial shear stress to cause dehondiiig 
IS given by 

f = ^f-nax 

1.^3 1 

The Table 2 presents the values of the debonding shear stress 
obtained in the present study. The mean of five values is 
recorded along with the standard deviation in each case. 

In low-cycle fatigue tests under fluctuating tension 
debonding and pull-out were observed at significantly low 
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cycles for high stress range. However, as the stress value 
was reduced, the nunber of cycles for debonding/pull-out 
considerably increased. The fatigue debondmg values ane 
presented in Tigure 12. 



CHiiPTBR 3 

DISCUSSION iJID GOI CPUS ION 


3*1 Results suid Interpreta,tion 

Tlie values of the interfacial bond strengths of 
previous authors as well as the present work have heen pre- 
sented in Tables 1 and 2 respectively* 

Within the experimental range of curing tenperpturo 
the bond-strength increase'’’' vMth increase^’’' curing tanperature. 
However, it is suggested that work should be carried out for 
a wider range of temperature for complete evaluation of the 
temperature effect. 

The typical load displacement curve, corresponding 
to Pigure 9 for the present investigation is broadly similar 
to those of previous authors (12)(13) viz. a chemical debond- 
ing portion followed by a mechanical debonding or frictional 
portion. However, the marked distinction in the nature of 
the curve in Pigure 9 is the absence of any sharp pealc, as 
obtained in the latter. Pigire 9 shows a progressive aobond- 
ing, propagation of debonding and pull-out of the roving. 
Deviation of the curve from linearity marks the onset of 
debonding which is then followed by an increase in load 
necessary for propagation of the debonding process. As the 
chemical debonding phenomenon was complete, the load values 
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started falling when mechanical debonding set in* The obser- 
ved phenomenon of increasing load for propogation of debo- 
nding and subsequent dropping of load for mechanical or fric- 
tional debonding agree well with the theoretical analysis 
of Lawrence* 

The area under curve shown in Figure 9 will be propo- 
rtional to the total energy required (i*e. the external v.ork 
done) to complete the debonding and final pull-out. 

3 * 2 Effect of Multiple Strand 

For a multi-fibre system, the load P for debonding 
Will obviously be higher than that for a single fibre. But 
the increase in the load will not be in the same proportion 
as the number of fibres in the multiple strand because in a 
multiple strand the effective interfacial shear area will 
be much less than the area considering all the fibers indi- 
vidually. The breaking of some fibers because of statistical 
strength distribution will also have some effect. 

Within the resin disc the multiple strand could be 
envisaged to have an outer array of fibres with an inner 
core. An examination of the debonded and pulled out roving 
shows that while debonding has taken place along the outer 
interface, the fibers in the core are not debonded from each 
other, as if the roving has behaved like a rigid system. This 
in general implies that the shear stress developed there was 
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less thazi tlie debonding shear stress or, in other words, 
the core fibers appeared to bear less load than the outer 
fibers. However, consideration should also be given to the 
fact that apart from the shear stress, in the core fibers, 
a radial tensile debonding stress will come into play (Fd) 
because of the densely packed nature there. Consequently at 
the core, the resulting debonding stresses will be the resul- 
tant of the shear component and the radial normal component:. 

We may hence conclude that for this system the shear stresses 
developed along the outer fiber-matrix interface is hi^er 
than the resultant debonding stresses developed in the core. 

A microscopic observation reveals ihe evidence of 
multiple cracks on the outer fibers. These crack tips will 
invariably give rise to stress concentration along the inter- 
face. This being due to the inherent nature of the statistical 
stress distribution of the fibers cannot be ruled out. Further, 
the fibers being densely packed, thercwill be overlapping 
of stress fields, an actual assessment of which will make the 
thing very much complicated. Since, in the present system, 
short anbedded fibres, not exceeding 4 mm in length are consi- 
dered, we can ignore this effect, our main aim being the 
determination of gross or average shear strength. 

3.5 Effect of CSV c lie loading 

In reinforced plastics, during each cycle of loading, 
there takes place an appreciable amount of heat generation 
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which IS difficult to dissipate rapidly because of the low 
thennal conductivity of the material. 

The fatigue experiments for various systems of GPRP 
have indicated that there appears to exist no fatigue limit 
(22) which seems to be a general criterion for most fiber 
reinforced composites. 

The main difference between the fatigue failure and 
tensile failure for GFRP is the difference in appearance of 
fracture surfaces. Turing fatigue failure oi GFBP, the first 
change that talces place is the fibre-matrix debonding which 
tahes place at values of n several order of magnitude below 
the failure value. Debonding is followed by resin cracking 
which in turn is followed by failure. Gherry (22) has indicaL-eo 
that fatigue lives can be specified even for the onset of 
debonding and resin cracking phases, as well as failure and 
m some applications these might be as important as actual 
separation of the material. Figure 12 shows the relationships 
between stress and number of cycles at v/hi di these processes 
occur. There is possible advantage of relating fatigue beha,- 
viour of glass fiber composites to strain rather than stress 
and it was observed that the number of cycles necessary to 
produce debonding depended mainly on the maximum strain, and 
not the t 3 rpe of material. Agarwal (23) observed that in 
cro ssply— compo sit es under fluctuating tension, debonding 
initiated and occurred in the cross-fibers whereas in the 
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longitudinal fibres there was no debonding. 

In the present work, the debonding aspect under 
cyclic loading was studied by enploying a low frequency wiz. 

18 cycles per nt. The criterion for debonding was the pull-out 
of fibres from the natrix. The trend of the fatigue life with 
stress amplitude y/ithin the experimental limit showed the 
increase of fatigue debonding life with decrease in applied 
stress amplitude. It is suggested that this aspect be taken 
care in greater detail to sLudy the mechanism as well as the 
S-H curve for debonding/pull-out . 

However, a conpiarison of the debonding fatigue life 
presented by Cherry in figure 12 to those in the present work 
{cure temperatures 45°C) reveals that while the nature of uhe 
debonding ’band* is similar in both the cases, the stress levels 
corresponding to a certain number of cycle in the former cose 
is much higher than the same in the present work. The reason 
appearing solely to be the different fatigue mechanisms in the 
two cases. In the lomer ease the debonding takes place per- 
pendicular to the loading directions, whereas in the present 
work the slip is by shear, Thero ronains a lot to investigate 
as to under what conditions of fatigue loading, there will 
be preferential debonding by either of the two mechanisms. 
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1 J TYPICiJi TgJiUE Qg STRMG^m 

OF POLBISR-- GLASS SYST MS 


Test method 

Matrix 

Fibre/Glass 

treaxment 

Curing 

condi- 

tion 

Inter- 

face 

fail- 

ure 

node 

Bond 

stre- 

ngth 

(p.s.i) 

Ref ere- 
nee 

Rod-disc 
(push test) 

Polyester 
cryslic 195 

B-glass 24 Hr/ 

40° C 

Shear 

750 

deYekey 
and Haz'i- 
ndar 1 1 1 } 

Rod-disc 
(push test) 

Polyester Surface- 

(cryslic 189) coated E- 
glass 


Shear 

1000 

Homan et. 
al (Ri-P-^ki^ 
report ) 19' 

Rod-disc 
(push test) 

Polyester 
(Paraplex + 

P 4-3) 

E- glass 
acetone 
cleaned 

m 

Shear 

605 

21 

II 

It 

Yinyl Tri- 
chloro silane 

- 

Shear 

680 

21 

Trapezoidal 

fibre 

tf 

acetone 

cleaned 

tM 

Shear 

1000 

21 

1 It 

Epoxy (Bpon 
828) 

If 

mm 

Shear 

5000 to 21 

3500 

Curved ITeck 
method 

Polyester 

(selectron 

5026) 

B-glass/Heat 

cleaned 

mm 

Tension 

750 

21 

Curved Heck 

tf 

2*/. A 172 in 
Polymer 

mm 

T ension 

1220 

21 

If 

Epoxy(i^on 

828) 

E-glass/Toluene -• 
cleaned 

Tension 

1540 

21 




TaBT.-R P ; IlgEEFAOIiJL SHE.JI-STMGTH FOR POLIESTER - 
E-GLASS R07IHG (PRESS!!! YfOBK) 


Syst en 

Curing 

condition 

Mean inter- 
facial ^ear 
strength 

St andard 
deviation 

1. Poly ester/ E-glass 
roving (Silane) 

Eate of cross Lead 
novement = 0.01 om/iat 

25° C/7 2 Hrs. 

1180 psi 

(0.185) 

2 . '* > 0.05 cia/mt 

25°C/72 Hrs. 

1696 

(0.237) 

5 , ", 0.01 cm/mt 

25°C/72 Hrs. 

2300 

(0.251) 

4 . " , 0.01 cm/nt 

45°G/24 Hrs. 

2640 

( 0 . 260 ) 

5 , •’ , 0.01 cm/Eit 

75°C 

3000 

(0.27) 
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CROSS HEAD MOVEMENT 


FIG l_ TYFiCAL' LOAD - DISPLACEMENT CURVE FOR ROD DISC, 
JOINT STRENGTH SPECIMEN. 
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